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PERSPECTIVES IN U.S. ENERGY RESOURCE 
DEVELOPMENT 
By Ralph H. Plumlee* 
INTRODUCTION 
The recent embargo on oil shipments to the U.S. by the Arab 
states produced a series of increasingly gloomy projections ranging 
from imminent economic recession to demise of the American life-
style. Largely, these projections are overly pessimistic because they 
were derived from inadequate understanding of the energy resources 
available in the U.S. In all reasonableness, thanks to the technologi-
cal advances of the past 30 years, the long range energy resources 
of the U.S. are actually much greater than ever before, with strong 
potential for still further vast increases. The basic problem at hand, 
of course, is that of making a rapid transition from a relatively 
simple extractive fuel economy to a cost competitive synthetic fuel 
economy. The task of making this transition is of heroic dimensions, 
and, once the initial shock of indecision and skepticism is abated, 
we shall see a 20-year surge of heavy industrial activity many times 
larger than the recent electronics and space exploration programs 
combined. 
In this paper, I an inventory of U.S. energy resources is presented 
together with approximate timetables and product costs for imple-
mentation of the technologies necessary for clean utilization of these 
resources. These energy components include fossil fuels and their 
conversion to clean synthetic fuels, nuclear fuel supplies, geother-
mal energy, wind power, thermonuclear fusion, and the ultimate 
resource, solar energy. The cost of solar energy is treated in consider-
able detail for several prospective applications and basic energy 
conservation strategies are outlined. 
I. LONG TERM ENERGY BALANCE 
Because of the catastrophic implications of the exponential U.S. 
energy demand projections in a world of apparently finite fuel re-
1 
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sources, and the predicted imminence of a permanent gap between 
demand and supply, it is appropriate to inquire first whether the 
"Energy Crisis" is real, artificial, or even fictiona1. 2 The crisis ap-
pears to be all three. It is a near term reality in that, for historical 
reasons of logistics, economics, and politics, fuel supplies probably 
will not always meet needs in the megalopolitan areas for the next 
two decades. The crisis is artificial because it has been created by 
a combination of economic policies and maneuvers, technological 
schedules and lag times, and miscalculations that could have been 
avoided. The crisis is fictional in that an abundance of fossil fuel 
resources still exists which is adequate for at least 200 years at the 
projected year 2000 consumption rate. These and other large energy 
resources can be utilized with technology at hand, or clearly visible, 
and with little change in overall cost. However, the economic utili-
zation of these resources requires a complete overhaul of our energy 
consumption practices in order to conform with developing concerns 
about the balance of trade, excessive dependence on extra territorial 
supplies, economic imperialism, logistics, environmental pollution, 
etc .. Furthermore, to stretch the probable resources beyond a few 
hundred years certainly requires that the U.S. consumption rate 
level off soon, e.g., by the year 2000, at some finite value, e.g. 200 x 
1015 BTU/year, and that eventually world consumption also level off 
correspondingly as other areas arrive at the same per cap~ta con-
sumption. 
A. Energy Demand Projections 
Depending on the' projection chosen from Bureau of Mines data, 3 
the U.S. growth rate in annual energy consumption is 3.25% to 4.7% 
per year. In round numbers, the U.S. consumption rate in year 2000 
projects from latest trends to be around 200 x 1015 BTU/year, ap-
proximately three times the present rate. Gaucher's "saturation" 
limit for the year 2200 is nearly equal to the Bureau of Mines projec-
tion for year 2000 and corresponds to an overall growth rate of ap-
proximately 0.34%, one tenth our present rate. 4 Cambel5 estimates 
that a 5% annual increase in energy consumption is needed for 
continuous improvement in the standard of living and the accelera-
tion of industrialization. 
The present world per capita energy consumption is increasing at 
a rate of 1.3%/year. Allowing for population increases that are pro-
jected to the year 2000 and assuming that world per capita con-
sumption could by then reach the present U.S. rate, the world total 
consumption rate in 2000 would be 100 times the present value.6 
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This is impossible, of course, starting with the present level and 
continuing at the present rate of growth, but it indicates the magni-
tude of the problem associated with the steady state. Starr tabu-
lated the total world fuel reserves7 exploitable at no more than twice 
the present cost as being only twice the cumulative world consump-
tion (at present trends) to the year 2000. 
The U.S. became a net importer of fuels around 1955. R In 1970, 
the consumption exceeded domestic production by nearly 11 %. At 
present, the U.S., with 6% of the world's population, consumes 
about 35% of the world's annual fuel production.9 By the year 2000, 
the U.S. consumption will drop to about 25% of the world consump-
tion largely because of the larger population increase of the rest of 
the world. 
Figure 1 is a typical display of the total U.S. supply distribution 
to 1985. 
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Of particular interest is the fact that projected deficits in domestic 
fuel production are arbitrarily erased by projected fuel imports and 
projected production of electrical energy from nuclear reactors 
rather than by significantly increased utilization of shale oil, gas 
produced from coal, and geothermal energy. The magnitude of total 
imports (oil and gas) is quite large, about seven times the 1970 
imports. (Production from Alaska, like that obtained from Canada, 
is tabulated here as imports rather than as domestic production). 
At $4.00 bbl for crude oil,IO one can readily estimate from Figure 1 
that the cost of fuel imports alone would be at least 25 billion (1972) 
dollars in 1985. The extrapolation worsens, of course, by year 2000. 
The trade deficit picture will probably make such imports prohibi-
tive even if foreign producing areas are politically disposed to sell 
fuel to us. 
It has also been noted that the imports required by projections 
exceed projected shipyard capacity to build the necessary super-
tankers to carry the fuel, and even if we had the tankers there would 
not be enough deepwater harbors to handle them. II Similarly, the 
logistics of coal train handling, electrical generating plant siting, 
and other aspects of supply bog down at levels of U.S. energy con-
sumption that are within range of projections based on present 
methods of supply and efficiency of utilization. 
Consumption data clearly preclude the idea that the energy de-
mand can be restored to a more manageable level by merely using 
the lights at home more sparingly or turning off' the neon signs. 
(Turning off' all the lights would save about 1.5% of the total energy 
consumption).12 The distribution in energy consumption in the U.S. 
(1960-68) was: industry 40%, transportation 25%, residential 20%, 
and commercial uses 14%,13 Annual energy consumption growth 
rates for the period were: industry 3.9%, transportation 4.1%, resi-
dential 4.8%, and commercial uses 5.4%. The U.S. population 
growth rate is about 1.6%/year. Hence any increase in total energy 
consumption beyond 1.6%/year is an increase in per capita con-
sumption. In terms of efficiency of energy utilization, it is pertinent 
to note that the ratio of energy consumed to the Gross National 
Product has generally declined since 1947 and until 1965. Since 
1965, the ratio has been increasing sharply, and the most obvious 
con(lusion is that we have suddenly become more wasteful, but it 
is not obvious how. 
Because of the apparently close relationship between energy con-
sumption and economic growth, there is little prospect that the 
energy consumption rate will be stabilized at any particular level by 
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voluntary self restraint. It seems axiomatic that all possible re-
sources will be developed and exploited as fast as economic advan-
tages are found for doing so, not only by the U.S. but by the entire 
world. 
B. Fossil Fuel Supply Projections 
Supply projection data for the U.S. are even more obtuse than 
demand projections. There are statements to the effect that the coal 
supply is "ample for hundreds of years."14 In contrast, there have 
been perennial predictions for the past 40 years that the petroleum 
supply will dry up in another 20 years. 
Figure 1 gives approximate short term consumption projections 
for U.S. fossil fuels to 1985. Nuclear energy development seems to 
be laggingl5 substantially behind the schedule of Figure 1 so that 
more fossil fuel imports will probably be needed in 1985 than are 
shown. The substitute technologies of coal, gasification and shale oil 
recovery are scarcely out of the laboratory stage. Construction has 
not begun on any major production facility for either; however, The 
EI Paso Natural Gas Co. has committed itself to begin construction 
of a large coal gasification plant in the Four Corners area. With four 
to six years as the construction time for large process plants, such 
new facilities will obviously not be in wide spread operation before 
1985. Accordingly, if the growth in energy demand continues along 
the Bureau of Mines projections, the U.S. will have to muddle 
through as best as it can for the next 15 to 20 years. 
With the apparent developing necessity for widespread use of coal 
gasification and shale oil to fill the import gap, and with doubts 
about both the safety of large nuclear breeder-reactors and the feasi-
bility of thermonuclear fusion reactors, it is appropriate to consider 
how long the energy use projections can be sustained primarily on 
fossil fuels. 
Table I supplies estimated U.S. energy resource totals based on 
the Bureau of Mines' data. The estimated total supplies of carboni-
ferous fuel have a nominal combustion energy value of approxi-
mately 52,250 X1015 BTU}6 If the U.S. annual consumption could be 
stabilized at about 200 x 1015 BTU/year, the total supply would 
last only 260 years. Almost three fourths of the supply is in the 
form of coal. Although 260 years would constitute substantial re-
spite for reorientation of our value systems for developing new tech-
nologies appropriate to the long range equilibrium state, it is a far 
cry from the often implied interval, "hundreds of years." 
I 
TABLE I-U.S. FOSSIL FUEL RESOURCES 
Fuel I Supply, in Standard Units 
Total Estimated Recoverable Recoverable Total Combustion 
deposits at Total Heat Value b 
"near present costs" (BTU x 10 -15) 
Coala 3,210 x 10' tons 991 x 10' tons 1,605 x 10' tons 38,530 
Natural Gas 6,740 x 10" ft" 2,400 x 1O"ft' 2,400 X 10'2 ft" 3,400 
Petroleum 2,942 x 10' bbl 532 x 10' bbl 532 x 10' bbl 3,280 
Shale Oil 2,280 x 10' bbl 1,140 x 10' bbl 1,140 x 10' bbl 7.040 
--
I 
Total: 52,250 
a Includes all kinds of coal: anthracite, bituminous, sub-bituminous, and lignite. 
b Combustion heat values used in calculating these totals are averages of values listed in Forsythe, Smithsonian Physical Tables, 9th edition 
(The Lord Baltimore Press, Baltimore, Md., 1954), at 181-2. Coal, 24 x 10' BTU/ton; Natural Gas 1,430 BTU/ft"; Petroleum 6.10 x 10" BTU/bbl 
(42gai). 
I 
I 
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The reason for this apparent discrepancy is two-fold: (1) the 
projections usually have been made on the basis of the then current 
total U.S. consumption rate (the 1970 consumption rate would ex-
tend the carbon fuel supply to about 770 years) and (2) the projec-
tions may have been made on the basis of the present U.S. coal 
consumption rate which is now about 10 x 1015 BTU/year,17 which 
would stretch the coal supply to about 4000 years. 
The reliability of the individual resource estimates themselves is, 
of course, the main problem. The basic estimate of the total coal 
supply was made by Averitt. ls The Bureau of Mines staff tabulates 
the total coal depositsl 9 as 1,560 x 109 short tons of reserves which 
would yield 780 x 109 tons recoverable at the usual 50% rate. Current 
practice recovers 60 to 63.5% of the deposit present which, at best, 
would recover 991 x 109 tons. This coal is comprised of fairly well 
documented deposits" ... determined by mapping and explora-
tions of thicknesses greater than 14 inches to depths of 3000 feet."2o 
An additional total of 1,313 x 109 tons of all types of coal is estimated 
to be in unmapped and unexplored areas, and 337 x 109 tons are 
known to be at depths of 3,000 to 6,000 feet. 21 Thus, what might be 
listed as reserves in the usual sense amounts to approximately 1012 
tons estimated as recoverable at "near present costs." The total 
deposits, including unmapped deposits and deposits at great depths 
that are not now economically recoverable, amount to 3,210 x 109 
tons. At 50% recoverability, this would yield the 1,605 x 109 tons 
listed in Table I, column 4. 
Incidentally, 70% of the tonnage of coal is west of the Mississippi 
River, but 55% of the calorific value is east of the Mississippi with 
the largest reserves of high quality high rank coals being located in 
Appalachia. Thus, the U.S. is not entirely dependent on the western 
coal deposits. 
The natural gas resources as analyzed22 by the Bureau of Mines 
staff contain 287 x 1012 cubic feet of "proved reserves." The staff 
cites an advance release of a recently compiled U.S. Geological 
Survey report which estimates that the total natural gas supply 
recoverable in the U.S., including the Continental Shelf to a water 
depth of 200 meters, is approximately 2,400 x 1012 cubic feet. An 
additional 4,340 x 1012 cubic feet is thought to exist as marginal and 
submarginal deposits in the U.S., including the Continental Shelf, 
Alaska, and off-shore Alaska to a depth of 2500 meters. This cannot 
be recovered economically (if at all) by available technology. The 
recoverable total used in Table 1,2,400 x 1012 ft3, includes everything 
to the 200 meter water depth. 
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The same U.S. Geological Survey is cited23 as estimating the total 
recoverable petroleum (including proved reserves) in the contiguous 
states, Alaska, and contiguous offshore areas to a water depth ()f 200 
meters, as 463 x 109 bbl of crude oil and 69 x 109 bbl of natural gas 
liquids. In addition, the marginal and submarginal resources, in-
cluding those under 2500 meters of water, are 2,280 x 109 bbl of crude 
oil and 130 x 109 bbl of natural gas liquids. The recoverable total for 
petroleum in Table I, 532 x 109 bbl, is the sum of the recoverable 
crude oil and the natural gas liquids. 
The main oil shale deposits are in the Green River formation in 
Colorado, Utah, and Wyoming. These are estimated to contain 
1,280 x 109 bbl of oil in shale deposits 10 or more feet thick averaging 
10 or more gallons per ton.H There are substantial shale oil deposits 
in 30 other states, including Alaska. The total shale oil deposits in 
the 10 gallons or more per ton grade are estimated at 2,280 x 109 
bbl. 25 The recoverable total is arbitrarily taken as half the estimated 
total deposit. Estimated rest of the world deposits total 305 x 1012 
bbl,26 134 times the U.S. total. 
The Shale Oil Development Corp. has announced27 that it expects 
to produce, at a cost of $1.95/bbl, from shale a high quality synthetic 
crude oil that would sell at $3.70/bbl (42 gal.) in the current market. 
(The U.S. average wellhead price of crude oil was about $4/bbl as 
of September, 1973).28 Much of the shale yields 25 to 65 gal/ton and 
some yields as much as 140 gal/ton. 29 Although there is no large 
production operation from which to determine the long range eco-
nomics of recovering petroleum from oil shale, it is clear that the 
costs can be fairly competitive with conventional sources under 
present waste management standards. It has been estimated that, 
if all the rich shale of Colorado were retorted, there would be enough 
waste ash left to cover the state to a depth of 10 feet.30 The 50% 
increase in volume during grinding and processing precludes putting 
all the ash back in the hole from which the shale was mined. 
In summary, if the U.S. energy consumption can somehow be 
stabilized at no more than 200 x 1015 BTU/year as projected for the 
year 2000, the fossil fuel supply that is now estimated to be extracta-
ble by present technology at "near present costs" would last about 
260 years. The total supplies, including very deep lying and thin 
deposits not economically extractable, or not extractable at all by 
present technology, are perhaps only twice the extractable supplies. 
C. Nuclear Fuel Supply Projections 
The reactors in commercial service today utilize less than 1% of 
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the energy in naturally occurring uranium. 31 They consume the fis-
sionable U235 isotope while converting only small amounts of the 
more plentiful U238 into fissionable plutonium. Breeder-reactors-
which produce more fissionable material than they consume and 
thus can theoretically utilize between 50 and 80% of the uranium 
and thorium resources - will ultimately be necessary if fission is 
to become a major source of energy. 32 
The Bureau of Mines lists the estimated total U.S. uranium and 
thorium ores (U30 S and Th02 ) recoverable at $5 to $30 per pound 
as 1.64 x 106 and 0.60 x 106 tons, respectively.33 At 50% utilization 
in breeder reactors, the energy available from these ores would be 
49,300 x 1015 and 46,700 x 1015 BTU, respectively. Thus, the total 
usable energy content of these relatively high grade ores is approxi-
mately twice that from all our fossil fuels. In addition, the uranium 
content of coal ash can be recovered to yield a fission energy nearly 
as large as that of the coal burned.34 
The advent of breeder reactors with a fuel utilization factor of 0.5 
to 0.8, as against the present 0.01, is expected to improve the eco-
nomics of nuclear power sufficiently that $100/lb,35 or perhaps even 
$600/lb36 for uranium might be economically acceptable. In that 
event, it would be feasible to mine for the U and Th content low 
grade rock sources that contain 10 or more grams of U or Th per ton. 
Hubbert37 concludes that the total potential energy value of rocks 
in the U.S. " ... containing 50 grams or more of U and Th com-
bined per metric ton is hundreds of thousands of times larger than 
that of all the fossil fuels combined." (The energy required to mine 
and extract the U and Th from these very dilute ores is but about 
1 % of the energy released on fission.) 
In summary, the high grade nuclear fuel resources are adequate 
for about a thousand years with breeder reactor technology that is 
imminently available, provided the energy consumption of the U.S. 
can be stabilized somewhere around 200 x 1015 BTU/year, as pro-
jected for the year 2000, or about 3 times our present consumption. 
Using still lower grade ores, that level can be maintained at least 
20 thousand years beyond, independently of the much larger energy 
resources available when controlled thermonuclear fusion reactors 
are successfuly applied to the generation of electrical power. Of 
course, these projections assume that the social, economic, and pol-
itical institutions will remain stable enough to allow smooth func-
tioning of all the associated complex technology. For instance, sta-
bility is an absolute requirement for the rational disposition of nu-
clear wastes. Also, large nuclear power plants, even large fossil 
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fueled power plants, gasification plants, pipelines, etc., must be 
free of sabotage38 and operational interruptions in order to allow 
effective operation of the intricate, tightly meshed energy s11pply 
and utilization systems. 
II. THE SYNTHETIC FUEL ECONOMY 
A. Coal-Conversion Projections 
Long rang~ energy systems aside, coal gasification at coal fields 
near major consumption centers appears to be imminently competi-
tive with pipeline natural gas from distant gas fields and with im-
ports. All that is lacking is the production plants. Various reviews39 
give cost estimates for production of synthetic natural gas in the 
range $.50 to $1.25/1000 cubic feet (about 108 BTU), depending on 
the hydrocarbon content of the source material and the process 
used. This includes the cost of the coal, water, etc. Some Liquefied 
Natural Gas (LNG) imports have recently been as high as 
$1.00/1000 cubic feet delivered to eastern cities.40 The average well-
head gas price (1968) in the U.S. was around $.18/1000 cubic feet 
and pipeline transport costs were $.15 to $.20/1000 cubic feet per -
1000 miles. 41 City gate gas prices of natural gas (July 1969)42 ranged 
from $.30 to $.70/1000 cubic feet. The average U.S. mine price of 
coal (1968) was about $4.50/ton Lo.b., corresponding to $.16 to 
$.20/108 BTU, and rail transportation costs were about $.30/106 
BTU-1000 miles. 43 The energy conversion efficiency for coal gasifi-
cation is about 0.65.44 The best coal burning plants produce electric-
ity at about $1.30/108 BTU (electrical output) and high voltage 
electrical transport costs about $1.00/106 BTU-1000 miles. 45 (The 
cost of transporting electrical energy is considerably greater than 
the cost of transporting coal.) The 1972 overall composite of deliv-
ered wholesale fuel prices in the U.S. was about $.35/108 BTU.48 
The projected schedule of construction of full scale coal conver-
sion plants under government sponsorship assumes that 7 plants 
will be built by 1981 and 4 or 5 annually thereafter through 1985,41 
The schedule is determined by both funding rate and the finding 
and training of personnel for plants and mines. The plants (26 total) 
scheduled under this program to be in operation in 1985 will produce 
about 6,160 x 106 cubic feet /day which is equivalent to an energy 
production rate of 75,300 MWt (megawatts thermal). The EI Paso 
Natural Gas Co. plant will add another 250 x 106 cubic feet /day 
(3,060 MWt). The production from all of these plants is expected 
to fill only about 15% of the demand supply gap. The American Gas 
Association has estimated that there are 176 potential sites for coal 
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gasification in the U.S.48 Development of similar processes for pro-
duction of liquid fuels from coal is under way but somewhat de-
layed. Expansion of production facilities on a "crash" basis should 
be feasible once the processes have been proven. 
This effort has considerable environmental consequences.49 One is 
large scale strip mining. Another is the disposal of waste heat and 
ash. For the far western coal fields, water management and water 
consumption will be substantial problems as the processes require 
1 to 2 tons of water per ton of coal used, and about one third of the 
water is incorporated into the product and, therefore, is not re-
covered for recycling. Minor organic chemical by-products also 
enter the waste water. 
Paralleling development of coal gasification and shale oil recovery 
processes are other more temporary synthesis processes for making 
a variety of synthetic fuels from miscellaneous available liquid pe-
troleum stocks. These products include substitute (synthetic) natu-
ral gas (SNG), natural gas liquids (NGL), and fuel oil. Approxi-
mately 30 SNG plants are under construction and due to be com-
pleted by 1974. The total gas capacity of these plants is about 5,000 
x 106 cubic feet / day,50 corresponding to an energy "production" rate 
of approximately 61,000 MWt. 
Comparison on the basis of energy content of product places this 
total current commitment to synthetic and substitute fuel output 
(approximately 140,000 MWt energy content) about 18% greater 
than the electrical power generating capacity expected from 
planned nuclear power stations. The actual cost of coal gasification 
plants is only about $60/kWt energy content of product compared 
with about $300/kWe of nuclear power plant capacity. The return 
with regard to closing the energy gap is, therefore, much higher from 
coal gasification than from nuclear power generation, at least for 
near-term needs. The product is also fundamental and timely as a 
contingency solution pending a transition to a hydrogen fuel econ-
omy. 
For the present, application of available technology to the conver-
sion and clean use of fossil fuels holds the higher overall priority for 
utilization of domestic resources to close the energy gap. This evalu-
tation disregards, of course, the expansion of exploratory and ex-
tractive efforts, and the expansion in transportation facilities such 
as the construction of supertankers. 
In passing, it may be noted that a very large fraction of the in-
dustrial organic compounds can be synthesized from coal, air and 
water with the aid of a suitable catalyst, temperature, and pressure. 
12 ENVIRONMENTAL AFFAIRS 
Accordingly, there is no intrinsic need to preserve the natural supply 
of fossil carbon compounds for technological uses. 
B. Hydrogen 
Several reviews51 have considered the advantages and disadvan-
tages of hydrogen as a general purpose fuel for household, industrial, 
and vehicular use. One of the prime considerations in the era of 
gigawatt electrical power plants is the prediction that energy can be 
transported over long distances more economically as hydrogen in 
pipelines than as high voltage electricity. Also, rights of way are 
more easily obtained for pipelines than for high voltage electrical 
lines. The main unsolved problems are (1) the competitive econom-
ics of hydrogen production and (2) economical, high density storage 
for vehicular use. 
Electrolysis of water is the most direct hydrogen production 
method. Allis-Chalmers has recently developed an improved elec-
trolytic method for which the estimated large scale hydrogen pro-
duction cost is about $.34/1000 cubic feet or $1.03/106 BTU.52 Actual 
present costs based on conventional fossil fuel sources are $.30 to 
$.70/1000 cubic feet ($0.92 to $2.15/106 BTU).53 
A new hybrid electrolysis process involving CO produced from 
partial combustion of coal has been devised by General Electric. 
The estimated large scale hydrogen production cost by this method 
is about $.25/1000 ft3 ($.78/106 BTU).54 
The best economic strategy for electrolytic production of hydro-
gen is that of using the off-peak electrical generating capacity of the 
electric companies. Other "closed-cycle" thermochemical processes, 
which would use nuclear reactors simply as full time high tempera-
ture heat sources, are expected to be still more favorable. 
Although the details of economic competitiveness of synthetic 
fuels are lacking, the conclusion is clear: clean, sulfur-free fuels can 
be produced from dirty coal at costs in the range with which we are 
familiar. 55 One must recognize, however, the overall context of this 
expectation. It has apparently been rather generally agreed56 that, 
considering the finite nature of our heritage of resources, we have 
been paying too little for our fuel and using it too wastefully. Ac-
cordingly, we can expect that across the board increases in fuel costs 
will be programmed into the system to meet new environmental, 
political and economic goals. 
It is clear that the synthetic fuel technology will not be suffi-
ciently developed to keep pace with the projected demand for clean 
fuels for 15 to 20 years, hence shortages in the preferred fuels will 
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exist over that period to the extent that imports of suitable extrac-
tive fuels cannot meet demand. Prices will certainly increase during 
the period of shortages, but they should level off and then decline 
as new technologies and production facilities are developed to re-
establish a competitive economy. 
III. THE "REAL" ENERGY CRISIS 
The main cause of the imminent U.S. energy crisis is the sudden, 
unexpected increase in annual energy consumption. An almost 
equally important contributory factor is the nearly simultaneous 
adoption of pollution controls which necessitate a sudden shift from 
relatively abundant dirty fuels to relatively scarce clean fuels. A 
third cause is the sudden drastic slippage in already tight construc-
tion programs of the utility companies and fuel suppliers precipi-
tated by the new environmental standards and regulatory proce-
dures. Fourth, there is procrastination by industry to see who is 
going to pay for the development of pollution abatement equipment 
and the processes essential in new construction. Finally, technical 
delays in reactor development and procrastination in authorizing 
construction have greatly delayed that segment of production ca-
pacity. 
Utilities carefully schedule new construction so they carry a mini-
mum of excess capacity. The normal lag time in construction of 
large plants (coal gasification, electrical generating, chemical pro-
cess, etc.) is four to five yearsY Nuclear-fueled plants ordinarily 
require about 7 years.58 With the implementation of environmental 
protection regulation and more vigorous civic objections to new con-
struction, these lag times have been increasing. Also, it is claimed 
that construction productivity has declined. 
Generally speaking, the fuel supply as a whole has become inade-
quate and cannot easily be cranked up immediately. Disintegration 
of the coal industry occurred because of the preemption of coal 
markets by oil and gas59 and the anticipation of preemption by 
nuclear reactors. 60 Now, there are too few coal cars, mines and min-
ers.6! Moreover, 23 of 65 nuclear power plants scheduled for opera-
tion between 1970 and 1976 have been delayed, some for months, 
some for years. 62 
The fuel suppliers and distributors cite governmental regulatory 
policies as having stifled exploration and development of new pro-
duction and distributing capacity.63 They complain that import 
quotas undercut domestic development; however, they invariably 
express confidence that ample resources can be found and devel-
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oped whenever the price structure warrants the search. 64 
The projected 8% annual growth rate in electrical needs, a dou-
bling time of nine years, is cited by Gambs and Rauth6a as probably 
exceeding the expansion capability of the power industry. The pres-
ent supply of men employed in power plant construction is esti-
mated at about 55,000. Another 10,000 with power plant back-
ground are now employed in other fields. Combined, they are about 
60% of the number that will be needed in 1975. The numbers of men 
needed in 1985 and 2000 are projected at 300,000 and 845,000, re-
spectively. Other industries in the energy complex will be expanding 
in approximately the same ratio and will be in competition for the 
same skills. 
The gist of the overall situation is one of acute shortages of clean 
fuel for the foreseeable future, dislocations in already tight engineer-
ing and construction schedules, and unprojected shifts in direction 
which necessitate immediate development of new processes and 
plants for fuel cleanup, coal gasification, pollution controls, etc .. 
These new developments and realignments will take years, perhaps 
two decades or more. There is an abundance of burnable fuels for 
several hundred years, but there is not enough of the right kinds now 
to meet needs. 
In some respects, the present crisis has become a fraud, a black-
mail effort of many interested parties to advance their positions.66 
These range from trans-Alaska pipelines and New Mexico gas pro-
duction allotments to overseas import quotas, negotiations for 
power line rights of way, siting of fossil fueled power plants and 
nuclear reactors, depletion allowances, gas price controls, nuclear 
reactor development budgets, scientific R&D proposals, etc .. The 
situation is being exploited by the industries, political ideologists, 
scientists, environmentalists, and anti-environmentalists alike. 
An outstanding benefit of the crisis is that it has forced earlier and 
much more concentrated thought and popular concern about the 
long range road to survival than otherwise would have occurred. 
IV. SOLAR ENERGY VERSUS OTHER MAJOR UNDEVELOPED ENERGY 
SOURCES 
A. Nuclear Reactors 
The proponents of nuclear reactors as power sources for the future 
are overwhelmingly optimistic in their predictions for a highly tech-
nical civilization with a vast worldwide abundance of very inexpen-
sive energy on tap for use anywhere at anytimeY The most favored 
propositions for producing electrical power and pipeline hydrogen 
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fuel by nuclear reactors envisage huge multi-gigawatt (e.g. 40GWe) 
floating reactor generating energy "parks" anchored several miles 
offshore along the seacoasts. 6X The reasons for ocean going stations 
are simply that the cooling water requirements exceed the supply 
in most inland areas and there are not enough miles of suitable 
shoreline sites to accommodate all the necessary reactors. The ca-
pacity of nuclear power generating reactors to be completed within 
ten years will exceed 120,000 MWe.69 The total U.S. electrical gener-
ating capacity of all kinds in 1972 was about 333,000 MWe and the 
average electrical usage was approximately 140,000 MWe. 
The experience and status of the breeder reactor program is essen-
tially as follows. As of January, 1972, six different experimental 
liquid metal fast breeder reactor (LMFBR) power plants of capaci-
ties up to 70 MWe had operated for periods ranging from one to 9 
years.70 Four larger LMFBR's (150-600 MWe) are under construc-
tion abroad. In the U.S., plans for commercial LMFBR power plants 
of 300-500 MWe are still in the proposal stage. 
The first commercial breeder effort - Detroit Edison's Enrico 
Fermi Plant No.1 - has been abandoned after a melt-down due to 
interruption of coolant flow by a piece of tramp metal. A much 
larger LMFBR commercial demonstration power plant is to be built 
near Oak Ridge for operation by the TVA.71 A recent court decision72 
requiring an environmental impact statement on the fast breeder 
program, has forced the industry to consider further the safety and 
health problems associated with breeder production of large quanti-
ties of plutonium, one of the most toxic substances known. 
Serious proposals have been made to abandon the nuclear fast 
breeder program for safety and environmental reasons. President 
Nixon suggested in October, 1973, that breeder reactors might be 
"leapfrogged" and attention focused on nuclear fusion which offers 
a "relatively safe, efficient way to tap the nuclear energy in the 
ocean's almost limitless supply of deuterium."73 Because of the vast 
fuel resources available for use with breeders, it is almost unthinka-
ble that the worldwide economic ethic of exploiting all economically 
competitive resources as soon as possible will be abandoned here. 
Other nations will certainly build breeder reactors even if the U.S. 
does not. 
Rose has presented technical arguments for ultimately developing 
several different types of breeder and fusion reactors, each based on 
a different nuclear reaction process and having prospectively differ-
ent valuable applications. 74 He has also noted that controlled ther-
monuclear fusion reactors will carry some hazards and uncertain-
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ties. The first generation of fusion reactors will probably be based 
on the deuterium-tritium cycle with attendant problems of neutron 
activation and neutron damage in the reaction vessel, and tritium 
leakage. Proton fission of boron-ll has been suggested recently as a 
much cleaner reaction; however, this reaction requires a still higher 
temperature than the deuterium-tritium fusion reaction and will be 
more difficult to achieve. On the whole, the problems of "absolute" 
breeder reactor safety and satisfactory waste disposal appear more 
readily solvable than controlled thermonuclear fusion. 
Oak Ridge projections75 for electricity production costs are as fol-
lows: (1) fossil plant production costs decreasing slightly from the 
present range of 0.67 -0.9 cents/kWh to the range 0.6-0.8 cents/kWh 
in year 2020, the decrease presumably reflecting both increased fuel 
costs and the increased generating efficiency expected from transi-
tion to MHD and other high efficiency conversion methods; (2) 
conventional reactor electrical production costs ranging from the 
present 0.75 cents/kWh to 0.57-.75 cents/kWh in 2020; and (3) 
LMFBR generating costs starting at 0.6-0.7 cents/kWh and decreas-
ing to about 0.45 cents/kWh by 2020. (Because of the cost account-
ing methods used and/or neglect of pervasive subsidies and environ-
mental detriments, the real costs are probably a factor of two higher 
for all categories.) 
These costs are to be compared with 1.3 cents to 3 cents/kWh for 
the conversion of solar energy to electrical energy as estimated by 
Hottel and Howard76 and by LofY Elementary estimates in Section 
VI place the cost of solar electric power well in excess of 3.5 
cents/kWh for new plants constructed at today's inflated costs. 
In addition to the direct costs of generating electricity, transmis-
sion costs are becoming increasingly important because of right of 
way problems. Consequently, siting limitations practically remove 
solar conversion from competition with nuclear reactor generators 
until such time as the latter must also be located great distances 
from major load centers or until the advent of the hydrogen era and 
development of solar photolysis of water allow utilization of solar 
energy to generage hydrogen for fuel. Meanwhile, because of the 
problem of maintaining continuity in output from a solar conversion 
system, the majority consensus will probably continue to be heavily 
in favor of nuclear fueled generators until safety is empirically 
shown to be a serious problem. 
In the absence of acute safety problems or political reorientations 
nuclear breeder reactor generators will probably increase rapidly in 
numbers from about 1980 onward, largely paralleling the expansion 
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in coal and shale oil utilization for the production of synthetic car-
boniferous fuels. 
These considerations alone would give solar energy third place in 
the major energy priorities and contingency status vis a vis failure 
of the breeder reactor program; however, there are other competi-
tors, geothermal energy and controlled thermonuclear fusion, that 
are currently more attractive either economically or logistically than 
large scale solar energy conversion. 
B. Geothermal Power 
Geothermal power from natural dry geothermal steam fields has 
only recently become an established commercial reality. The Pacific 
Gas and Electric Co. Geysers Power Plant north of San Francisco 
is the only private, investor-developed and investor-owned operat-
ing geothermal power plant in the world. 78 This plant is now gener-
ating 380 MW with more capacity to be added annually for a total 
of 502 MW in 1974 and still more to be added as additional steam 
reserves are developed.79 Production costs compare very favorably 
with PG & E's latest fossil units. In fact, data from documents filed 
with the Federal Power Commission show that geothermal steam is 
providing the lowest cost energy source of the thirteen different 
plants operated by P G & E. 80 Operating costs, including "fuel" 
costs at the Geysers project for 1970, were approximately one half 
those of any other PG & E plant. The capital costs of the Geysers 
units are about $110!kW compared with $200± 50 for conventional 
fossil fueled plants. 
The generating capacity prospectively supportable by natural 
geothermal steam fields in the western U.S. has recently been esti-
mated to be as high as 107 MWe,81 30 times the present U.S. total 
generating capacity. From heat flow data, other areas of substantial 
capacity are believed to exist in Alaska, Hawaii, the Gulf Coast, 
especially Texas and Louisiana, the Appalachians, particularly in 
western Maryland, Virginia, West Virginia, the Ozarks and the 
Ouachita Mountains of Western Missouri and Arkansas.82 Only a 
few years ago, official estimates of the extent of usable geothermal 
energy were many orders of magnitude smaller than these quoted 
here. The real extent may not be known for many years. 
The Los Alamos Scientific Laboratory is actively investigating 
the feasibility of extracting geothermal energy from drilled deep 
wells.83 Their surveys have indicated that many areas exist in the 
continental U.S. where earth temperatures are suitable at economi-
cally accessible depths for energy extraction by pumping water into 
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the hot strata and recovering steam for driving closed cycle steam 
turbine electrical generators. If substantiated, this approach would 
allow much more dispersal of generating capacity than the solar and 
nuclear approaches. 
Compared with solar energy, geothermal is practically on stream. 
The distribution of sources, the large prospective capacity, continu-
ity and the very favorable economics make geothermal considerably 
more attractive than solar energy as a major energy resource. 
As will be shown, there is no indication that electric power gener-
ated by solar energy conversion can be economically competitive 
with electricity generated by the use of fossil fuels at present fuel 
prices.84 The question usually considered is whether solar energy can 
be made competitive when fuel prices rise to values projected for the 
year 1990 or 2000. Actually, this question is irrelevant because nu-
clear fueled and geothermal power plants are the real, practical 
competitors of solar energy conversion for as long as they are ex-
pected to produce power at lower costs than can fossil fueled power 
plants. 
Furthermore, as has been shown, it is not yet clear that fuel prices 
will be significantly higher overall in the year 2000 than they are 
now. Under the current apparent trends they will be much higher, 
but under the optimistic projections for the new energy manage-
ment technologies, fuel prices may not be significantly higher. 
Geothermal energy is easily competitive at today's prices. It is po-
tentially abundant and widespread. Its priority status on the sched-
ule of energy resource development is easily higher than that of solar 
energy conversion. 
c. Wind Energy 
This source of power is usually dismissed in reviews with one 
sentence; however, there is ample experimental evidence that the 
use of wind energy merits more serious consideration than that, 
perhaps as much consideration at present as solar energy. It seems 
appropriate here to put the two in somewhat better perspective. 
The best documented report is that of Putnam85 which describes 
experience with a 1500 kWe wind turbine generator at 2000 feet 
elevation in Vermont during 1941-1943. The kinetic energy P trans-
ported per second in a tube of air of density d travelling at a velocity 
v through a disk of area A is: 
p = 1/2 dAvv2 = dAv3/2 
The density of air at standard temperature and pressure (O°C, 1 
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atm) is 1.29 kg/m 3• For a wind velocity of 13.4 m/sec (i.e. 30 
mile/hr.), and a disk area A of 1 m2 and standard conditions: 
P = 1.57 kW. 
Thus, at Albuquerque's altitude (5,000 feet) and 25°C, the power in 
a 30 mph wind is about 1.2 kW/m2 of cross section. This exceeds 
the peak, noon, clear day solar incidence. An overall turbine wind 
to electrical energy conversion efficiency of 0.35, based on the above 
theoretical equation, is easily realized at the design velocity. 86 (The 
maximum theoretical conversion efficiency of a wind turbine is 
about 0.6 for conversion of wind energy to mechanical energy.)87 
A meterological survey showed sites in the New England area for 
which the mean annual wind velocities range from 15 to 40 mph, the 
highest being Mt. Washington with 40.8 mph.88 For the sites stud-
ied, mean hourly wind speed values deviated ± 20% or less from 
mean daily values; however, the fluctuation in mean daily output 
each month was about ± 40% of the mean daily output for the year 
with the low output days occurring in June, July and August and 
the highest output days occurring in January, February, and March. 
As a summary concerning his experimental results at Grandpa's 
Knob in Vermont, Putnam states, "A wind turbine whose design is 
economical will show a maximum over all efficiency of about 35 
percent, usually at some low value of wind velocity, say 18 miles an 
hour, and will convert to electrical energy about 6 percent of the 
energy in the wind which annually passes through the disk area." 
In western mountainous areas there are probably hundreds of 
canyons and mountain ridges where wind velocities have mean val-
ues in the vicinity of 30 mph. Here, the winds are largely derived 
from passing pressure fronts as they spill past each mountain barrier 
into the adjacent valley. These sites could be used in a widespread 
grid of wind turbine to achieve a smooth overall generating capac-
ity; however, Putnam advises that transmission costs would proba-
bly nullify the value of such a design. 
Calculations of Klett89 predict a solar to thermal energy in storage 
(at 500°C) collection efficiency of approximately 0.65 less .04 for 
pumping losses. Taking an overall steam turbine plant conversion 
efficiency of 0.32 gives a net likely solar to electrical conversion 
efficiency of approximately 0.20. 90 Thus, taking the mean clear day 
solar insolation at Albuquerque as 0.20 kW /m2, averaged over the 
24 hour day, the overall mean daily electrical output from a solar 
conversion system would be about 40 W /m2 of collector. This is to 
be compared with the prospective wind turbine mean daily yield of 
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about 420 W/m2 (i.e., 0.35 x 1.2 kW/m2) at a site with a 30 mph 
mean wind velocity and about 5000 feet elevation above sea level. 
Best estimates91 of economic and practical engineering design fac-
tors placed the optimum wind turbine size in the range 2000 to 3000 
kWe. Therefore, it is out of the question to build gigawatt size power 
plants from wind turbines. Best cost estimates in 1945 for further 
installation of 20 units similar in size and design to the experimental 
unit gave costs about 50% higher per kW of capacity than the regu-
lar public utility steam turbine costs; however, this is only part of 
the cost competition picture. The economic value of the power as a 
part time somewhat unpredictable commodity is a very complicated 
thing to evaluate. 92 
Aside from the size limitation, wind power has approximately the 
same intrinsic attributes and drawbacks as solar power with regard 
to consistency, reliability, and need for an auxiliary storage facility; 
if anything, wind power is superior because of its greater power 
density and more widespread availability at usable density. As will 
be shown in Section VI, the present projected capital costs for solar 
energy power plants are much higher relative to those of conven-
tional steam turbine generator plants than were the capital costs of 
wind turbine generators in 1945. As an economic commodity, wind 
power is far superior to solar power. 
D. Controlled Thermonuclear Fusion 
This source does not now exist as an option, nor is there any 
concrete assurance that it will become a reality at any specific date; 
hence it is not in any sense a visible competitor with the existing 
undeveloped power sources listed above. The situation still seems 
to be as summarized by Harvey Brooks93 in 1969, "It is not at all 
clear that controlled fusion will ever prove practical, although hopes 
for it have soared dramatically within the past few years as a result 
of the Russian Tokamak experiments." In a review of controlled 
fusion research, R.L. Hirsch, Director of AEC Division of Controlled 
Thermonuclear Research, stated: "True thermonuclear plasmas 
were first produced in 1963, and in the period 1968-1971 near the 
maximum possible plasma confinement was achieved in a variety 
of different magnetic confinement experiments. Both magnetic con-
finement and laser fusion are believed to be capable of being devel-
oped to the state of demonstration of scientific feasibility around 
1980. Thereafter, the complicated process of development into a 
commercial power system will be aided by the experience, technol-
ogy, people, and industrial capability developed in fusion reactor 
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programs, and fusion power commercialization should nominally 
occur around the turn of the century. "94 
The uncertain status of this non-competitor of solar energy is 
clearly the best argument today for trying to develop economical 
methods for the production and use of solar energy. Controlled fu-
sion is the only synthetic power resource of substantial, enduring 
character yet conceived. Solar energy is, indeed, the main, presently 
visible, technically acceptable alternative to the successful develop-
ment of controlled fusion. 
The present low priority status of solar energy development rela-
tive to the widespread investments by many governments in re-
search toward controlled thermonuclear fusion seems, on the sur-
face, somewhat illogical - we are passing over an assured return for 
a highly uncertain gamble. Nevertheless, the basic premises in this 
preference are plausible. 
At present, there is no expectation that a solar energy power plant 
could compete either economically or logistically with a breeder 
reactor plant. Likewise, it is apparently assumed that solar energy 
could not compete with a controlled fusion plant. 
Starr cites evidence that the transition time for conversion from 
one level of technology to another is about 50 years and that this 
interval is basically determined by the service life of the equip-
ment. 95 Accordingly, 30 to 50 years may pass before nuclear fueled 
reactors have supplanted the fossil-fueled generators now being 
built even though breeder reactors are expected to produce power 
at two thirds the cost of power produced by the fossil fueled steam 
turbine plants. If the transition to breeder reactors is substantially 
realized before controlled fusion or solar energy is demonstrated to 
be economically and technically competitive with the nuclear fueled 
generators, still another 50 years may pass before breeder reactors 
are phased out. 
The prospective return from success in controlling thermonuclear 
fusion reactions is so high that failure will never be acknowledged 
even though success is not achieved. The priority rating of solar 
energy conversion work is below that of controlled fusion work sim-
ply because the return from solar energy can be estimated and is far 
from being attractive. 
V. COST COMPARISON STRATEGIES 
There is no thoroughly satisfactory basis for comparing the cost 
of using solar energy with the cost of using fuels. First, the formula-
tion of reasonable fixed charges based on plant capital cost, interest, 
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taxes, insurance, depreciation, and obsolescence allowances is 
rather nebulous. Until a few years ago, these fixed charges for large 
steam power plants were generally taken as about 13.5% of the plant 
capital cost. 96 Now, because of higher interest rates, income taxes, 
increased rate of obsolescence due to more rapid technical advances, 
and an increased inflation rate, the annual fixed charge on large 
commercial power plants is as high as 22%.97 The Public Service Co. 
of New Mexico uses 18% for the fixed charge and an amortization 
period of 35 years.98 
By far the largest cost of a solar energy system will be the collec-
tor. At present there is little prospect that the collector elements will 
survive 20 years without major repairs, obsolescence, or complete 
replacement. Accordingly, treating the collector capital cost on the 
same basis as that of a conventional steam plant seems unwarranted 
but will be done here because no more applicable basis is known. 
(It might be more appropriate to treat the collector like a green-
house for which the Internal Revenue Service allows a depreciation 
life of ten years.) 
A more difficult cost question is that of an appropriate charge for 
the fuel used. In hybrid solar/fossil systems, the amount of fuel is 
relatively small so that the charge is not critical; however, the 
charge is important in the cost of conventional fuel fired systems. 
Should the fuel charge be just the purchase price as is customary, 
or should it be purchase price plus interest on the money expended 
for the fuel? How long should the interest be charged: for the life of 
the system or forever? At 8% interest, the fuel "cost" averaged over 
20 years is 2.3 times the purchase payments for the fuel; averaged 
over 40 years, it is 6.5 times the purchase payments. Obviously, if 
this interest charge is accumulated over a sufficiently long time, use 
of solar energy derived at any likely capital cost can be less expen-
sive than use of any extractive fuel. It seems best to purchase the 
fuel as needed and charge interest for the life of the plant on the 
money "invested" in the fuel to derive the total fuel cost. The total 
fuel cost then follows a geometric progression formula of which the 
sum of all terms for y years is 
S = a + ar - ar2 + . . . ar Y = a 
Y + 1 
{ [rY+1-IJ [r-l] 
Here, r is the ratio of adjacent terms in the series, (r - 1) is the 
interest rate expressed as a decimal fraction, and a is the annual fuel 
purchase expenditure. The average annual total fuel cost, c· is 
1 
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y { [r y+1 - 1J [r - 1J 
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Cost estimates to be given in the next section will include, where 
appropriate, two fuel costs: c, the usual purchase amount only, and 
ci ' the purchase amount plus 8% interest, averaged over the 35 year 
amortization period. 
As will be seen in the next section, the plant capital costs neces-
sary for using solar energy will greatly exceed the plant capital costs 
needed for using carboniferous fuels. This effects a very large eco-
nomic and psychological barrier to the use of solar energy in a so-
ciety that is more concerned with minimizing installment payments 
than in minimizing total cost, even on relatively short term pur-
chases such as appliances and autos. Also, in common experience 
fuel .is never considered a capital cost, hence few people are pre-
pared to accept this theoretical cost as a real cost. 
VI. LARGE SCALE SOLAR POWER GENERATION 
A. Hybrid Solar/Fossil Fueled Steam Turbogenerator System 
As implied in the previous section, comparisons of electric power 
production costs are uncertain at best; even so, one can readily 
demonstrate the apparent economic disadvantages of using solar 
energy to produce electricity as compared with using available fossil 
fuels. 
Various studies of solar energy utilization have concluded that 
assurance of continuity in service beyond overnight usage is prohibi-
tively costly in energy storage capacity.99 Accordingly, continuity is 
usually assumed to be provided through a hybrid solar/fossil fuel 
system in which standby fossil fuel equipment will be used when 
solar energy usage is interrupted by cloudy days, equipment diffi-
culties, or several days of extraordinary demand. Solar energy is 
ordinarily expected to supply at least half the total energy require-
ment (on an annual basis) but never more than 9/10. The estimates 
to be made here assume that solar energy can provide three fourths 
of the need but two thirds is more likely the economic optimum 
allowed by meterological conditions.lOo 
The cost estimates to be derived here will be based on Klett's 
caicuiations lO1 of solar energy collection, transfer and conversion ef-
ficiencies for a solar power plant model similar to that considered 
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by the Meinels. lo2 Solar energy is concentrated approximately eight-
fold by focusing collector elements and deposited on a heat transfer 
receiver pipe that carries circulating liquid metal coolant. The 
collector elements are fixed along an east-west axis but tilt north 
and south about the east-west axis. The receiver pipe is coated 
externally with a Seraphin 103 selective surface material and is sus-
pended in an evacuated glass tube which is silvered except for a 
narrow full length window through which the focused beam enters. 
The liquid metal heat transfer medium conveys the collected heat 
to a ten stage molten salt thermal energy storage reservoir. Another 
loop transfers heat to a steam turbine generator. The thermal energy 
reservoir is to be heated on cloudy days by a standby furnace that 
burns fossil fuel. 
The smallest clear day insolation occurs on December 21 and 
hence a nominally continuous solar energy system should be based 
as nearly as possible on the December 21 insolation rather than on 
the insolation of longer days. The June 21 insolation is almost twice 
the December 21 insolation. 
Using Moon's methodl04 and current meteorological data, Klett 
calculated the clear, winter day insolation on the collector element 
described above as 133 W/m2 averaged over a 24 hour day.l05 Of this, 
86 W/m2 (approximately 65%) is calculated to be transferred by the 
collection system to the liquid metal transfer medium at a tempera-
ture of 500 0 to 565 0 C .. 
This 65% collection efficiency for conversion of solar radiation to 
thermal energy in storage, calculated for December 15, appears to 
be a practical upper limit for even a summer day because the calcu-
lations considered only the radiation losses from the receiver pipel06 
and a 4% pumping loss. No allowance was made for reflection, ab-
sorption, conduction, and convection losses in the optical and pip-
ing systems. 
With 0.32 as the assumed thermal to electrical conversion effi-
ciency of the turbine generator, the 86 W/m2 delivery to thermal 
storage is expected to yield about 27.5We (watts electrical). Thus, 
for each kilowatt of power produced, a collector area of 1000/27.5 = 
36.4 m2 is required. 
Published cost estimates for solar collectors range from $2 to $4.50 
per square foot. Lof used $2.50 per square foot for a flat plate collec-
tor in 1954.107 All of these estimates should be raised by a factor of 
1.3 to 1.5, or more, corresponding to the subsequent change in the 
Consumer Price Index. 
In the Albuquerque area, an ordinary non-illuminated, steel 
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frame roadside billboard, 10' x 40', retiils for $2500 to $3000 erected 
on the buyer's site, a cost of $6.25 to $7.50 per square foot. lOS It seems 
unlikely that the requisite weatherproofing, thermal insulation, 
heat transfer piping, land leveling, and adjustable north-south tilt 
can be incorporated into a durable solar collector element even on 
a mass production solar farm basis at less than the cost of a stan-
dard billboard installation. Accordingly, the overall cost of collec-
tors for large scale power plant type applications seems likely to 
exceed $6 per square foot. Thus, in deriving cost estimates for solar 
energy, one must consider collector costs ranging from $2.50 per 
square foot to $6.25 per square foot corresponding to $26.90 and 
$67.25 per square meter, respectively. The lower prices may be ap-
propriate for small scale applications such as house heating in which 
the solar panel is largely amortized. 
In round numbers, effective collection of solar energy is limited 
in winter to 6 hours per day, 9 am to 3 pm. Superposition of typical 
daily demand curves over the December 15 collection curve shows 
that about two thirds of the daily collection must be held in storage 
for overnight use. Actually, in the hybrid solar to electric conversion 
strategy, all the energy collected passes through the storage system; 
however, about one third is consumed during the collection interval. 
Taking two thirds as the storage factor, then for each kW -day of 
power generation, 16 kWh of storage capacity is needed. Heats of 
fusion of common salts are on the order of 30 calories /gm, 1.36 x 
104 caloriesllb., so that about 1,000 lbs. of fusible salt are needed for 
each average kilowatt of generating capacity. At an optimistic mini-
mum of $.10 lb. for salt and storage container structure, the storage 
cost is $100 kWe of generating capacity. This storage capacity is for 
just 18 hours of average energy usage. With ten times this storage, 
the system could operate for 71/2 days, which is about the minimum 
feasible for maintaining continuity over worst week weather condi-
tions using solar energy alone. 
The remaining major item of capital cost is the steam turbine 
generator, complete with boiler, furnace, and a fuel supply storage 
sufficient for at least a week of cloudy day operation. This would be 
a slightly unconventional turbine system because the furnace will 
supply heat to part of the solar heat storage reservoir rather than 
to the boiler directly. The cost of a typical large fossil fueled turbine 
generating plant is about $200/kWe and this special design may cost 
a little more or a little less. 
Although the collector size is selected so that the clear winter day 
collection and conversion closely matches the average daily ex-
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pected consumption (i.e., the capacity factor is essentially unity in 
winter), the peak generating capacity of the turbogenerator must be 
about 2.5 times the daily average power demand in order to fulfill 
the demand curve. Thus, for each kilowatt of average daily produc-
tion allowed by the average daily collection, 2.5 kWe of generating 
capacity must be provided. This means that steam turbogenerator 
capital investment of $500 is required to go with the 1 kWe of solar 
collector cost. This parallel fossil fuel capacity can be considered as 
both the peaking capacity of the system and the standby for cloudy 
weather. 
The fuel cost in the hybrid system is derived on the basis of the 
assumed 25% non-solar production. This 25% fuel usage is assumed 
to be adequate for cloudy day usage, interruptions for repairs, and 
protracted periods of above average demand. This cost is distrib-
uted over the total annual output as part of the total power cost. 
For instance, at $.50/106 BTU of combustion heat content (CHC),109 
this cost contribution is about 0.13 cents/kWe. Charging a fuel cost 
equal to the purchase price plus interest at 8% averaged over all 
purchases for the amortization life of the plant, as discussed in the 
previous section, brings the fuel charge contribution to $O.71/kWhe. 
Other power plant operating costs are typically $0.1 to 
$0.2/kWhe. 11O The high value, $0.2/kWhe seems more pertinent here 
because maintenance on the collector will probably be high. 
Even at the lowest collector cost of $2.50 per square foot and a fuel 
cost of 50 cents /106 BTU, the cost of electric power production by 
the solar/fossil hybrid would be 3.58 cents /kWhe, at least three and 
half times today's "typical" production costs. III Mostly this is due 
to the extra capital cost, $980 for collector and $100 for storage, 
intrinsic in the solar part of the system; however, part of this dispar-
ity is due to the high fixed charge rate of 18% applied. Obviously, 
for existing plants having a history of lower capital costs, lower fuel 
costs, and a 13.5% fixed charge rate, the production cost is much 
lower than can be expected of plants yet to be built. 
For the most direct comparison of the hybrid solar fossil power 
production costs with those of a fossil fueled system, one should 
apply the same capital cost charges to construction of a new fossil 
fueled plant having the same nominal service capacity. 
From such comparisons, the following conclusions can be stated: 
(1) Allowing the customary cost accounting practice of not capitalizing 
the cost of fuel, the fossil fueled plant would produce power at a lower 
day to day running cost using $3.00/106 BTU fuel than would the solar 
fossil hybrid plant having a collector that cost $2.50 per square foot, an 
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unrealistically low value. This fuel cost, $3.00/106 BTU, is approxi-
mately 8.5 times the 1972 U.S. composite wholesale city gate fuel 
price. 112 
(2) Capitalizing the fuel purchases and charging 8% interest, the fuel 
fired power cost would intersect the cost of hybrid solar power at a fuel 
price between $1.00 and $1.50/106 BTU and a collector cost of $5.00 per 
square foot. These are conceivably realizable values; however, the fuel 
is not really expected to be that expensive over the long term nor is the 
collector expected to cost that little. 
(3) Because of the enormous capital cost of the solar energy collector, 
there seems to be no way in which solar electric power can be competi-
tive with power generated from other energy sources under present cost 
accounting practices particularly as applied to fuel. 
(4) For any foreseeable fuel pricing, the more fuel use one designs into 
a hybrid solar fossil system, i.e., the smaller the collector, the lower the 
cost of the product. 
B. Alternative Solar Power Generating Systems 
It is instructive to invert these estimates and determine just what 
solar energy conversion research and development must accomplish 
in order to "turn on" large scale solar power. Here the assumption 
is made that the costs of basic mechanical structures and essential 
components other than the converter cannot be reduced substan-
tially from present or predicted values. For instance, the physical 
calculations preclude substantial improvement in collection effi-
ciency values used here. Wind and weather prevent significant 
structural skimping on current "billboard" practice for construction 
of large collectors. After listing these irreducible fixed costs in the 
solar power plant construction budget, what amounts remain that 
could be spent for the collector and for the converter without render-
ing the plant economically uncompetitive with a fossil-fueled plant 
operated on fuel costing $0.50 to $3.00/106 BTU? 
Recalling that the collector area must be 392 square feet per kWe 
of average winter day generating capacity, one finds that the collec-
tor cost must be considerably less than $1.00 per square foot for the 
hybrid to be competitive with the conventional fossil fueled plant 
using fuel costing $1.00/106 BTU and less than $2.50 per square foot 
if the fuel costs $3.00/10.6 These conditions show quite clearly why 
solar power is a subject of vast indifference to power companies. 
Such an approach also exposes the stringent economic require-
ments that other solar conversion methods must meet. If one adds 
the conversion device to the collector panel, one adds cost there but 
tactically eliminates thermal storage and the steam turbogenerator 
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standby. Thus, a completely different system consisting of collector 
converter, energy storage, and reconverter must be provided. The 
energy storage must then be adequate for at least a week of average 
operation. The result is that the complete hybrid or alternative 
system must cost less than $657/kWe, $813/kWe or $1430/kWe to be 
competitive with a conventional fossil-fueled plant burning fuel 
costing $0.50, $1.00, or $3.00/106 BTU, respectively. 
Assuming that the alternative system will have either thermo-
electric or photovoltaic conversion, an electrolyzer, hydro-
gen/oxygen storage, and fuel cell reconversion, one can dissect the 
economic problem still further. Assuming ultimate realization of the 
hoped for fuel cell cost of $30 /kWe and a life expectancy greatly in 
excess of 10 years,1\3 the capital cost allowance for the fuel cells 
should be no less than $100/kWe of average solar generating capac-
ity. (If the service life is only 10 years, the cost should be $300/kWe). 
Costs of the electrolyzer and tanks for storage of a week's supply of 
hydrogen and oxygen are of comparable size and more definitely 
known. (Underground storage of hydrogen is unproven and liquefac-
tion of hydrogen is far too expensive energetically.) 
In round numbers, these "known" likely minimum costs of this 
alternative system are: 
Fuel cells 
Electrolyzer 
Gas storage 
Total 
$100/kWe 
245 
820 
$625/kWe 
Besides these costs, the new system must include an ,additional 
handicap in collector area of approximately 25% (total collector area 
now 500 fF/kWe); to compensate for expected lower conversion effi-
ciency and losses from electrolysis and reconversion to electricity. 
Here, the result is that the collector converter plus support frame 
must cost less than $805/kWe (Le., $1430 less $625) for the solar 
plant to compete with a fossil-fueled plant which uses fuel at 
$3.00/106 BTU. The $805/kWe corresponds to $1.61/ft2 for the com-
bined cost of collector-converter and support frame. Since the sup-
port frame alone will probably cost at least that much, no money 
would remain in the budget for the collector-converter. 
Photovoltaic and thermoelectric converters can yield about 1 watt 
of electric power output per square centimeter (cm2) of area under 
optimum conditions. 1I4 The year round daily peak power output 
density would be in the range 110 to 140 W/m2 (0.014 W/cm2) of 
converter area if the entire collector area were covered with con-
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verter material, definitely under using the converter. As just shown, 
in order to follow this design strategy, the conversion elements must 
cost essentially nothing (much less than $1.00 per square foot) be-
cause the "billboard economics" of the support structure alone is 
already prohibitive. On the other hand, optical concentration by 
more than a small factor, say 2 to 5, would impose on the photo-
voltaic converter an unmanageable cooling problem (to keep the 
efficiency high) and extra collector costs which should be avoided. 
Optical concentration by a factor of 50 or more would be fine for the 
thermoelectric converter, but thermoelectric conversion carries with 
it the structural cost handicaps of the focusing collector and insu-
lated receiver which one would prefer to eliminate. 
Conclusions concerning these alternatives to thermal collection 
and turbogenerator conversion are: 
(1) Photovoltaics must be reduced in cost to considerably less than 
$500 /kWe and to much less than $1 per square foot. This last require-
ment does not seem to have been previously appreciated. The conver-
sion efficiency must be 20.2 along with these costs, of course. 
(2) Thermoelectric devices, including regenerative thermal to electric 
chemical cells, must also cost much less than $500 /kWe but do not have 
the stringent cost per unit area limitation because they would be oper-
ated as receivers of solar energy concentrated 50 to 100 fold by a focusing 
collector. 
(3) Economics dictates a search for other less conventional solar en-
ergy conversion methods. Electrocatalytic photolysis of water to gener-
ate hydrogen and oxygen directly1l5 is suggested as the Oldy appropriate 
method compatible with the ultimate hydrogen economy. 
(4) Development of an economical, efficient solar energy collector is 
the very first prerequisite to thinking about solar electric power. Until 
the total collector cost can be brought down to $2 per square foot there 
is no point in trying to promote1l6 large scale solar power in competition 
with wholesale fuel prices of the visible future. Efforts to produce com-
mercial size collectors for that price seem futile. The economic problem 
is primarily due to the structural mass of material required to support 
and maintain the integrity of the collecting surface throughout many 
years of exposure to wind and weather, but there are also other large 
costs. 
VII. OTHER PROSPECTIVE USES OF SOLAR ENERGY 
A. Industrial Process Applications 
Although solar energy power plants for continuous service seem 
wholly uneconomical for the forseeable future, it is pertinent to ask 
whether solar energy conversion can be economically applied in 
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ways which avoid the economic burden of a parallel fossil fueled 
standby and energy storage for overnight use. 
A bare bones conversion system that operates about 6 hours on 
winter days to 10 1/2 hours on summer days and only when the sun 
shines, would require for each kilowatt of winter day average genera-
tor capacity a peak generating capacity of 1.75 kWe to perform all 
the peak summer conversion. The system would then consist of: 
The system would then consist of: 
Collector, 9.1 m2kWe, at $26.90/m2, $2.50/fF $ 245 
Turbogenerator, 1.75 kWe at $170/kWe $ 300 
Total Cost $ 545/kWe 
The charge for the turbogenerator is less here than before because 
the standby furnace is deleted and the collector cost is made unreal-
istically low. 
The clear day power production would average approximately 
1,020 Who This average will actually be reduced by 10 to 20% be-
cause of cloudy intervals. Taking the average annual production as 
9,000 kWh/kWe of winter day capacity and the 18% per year capital 
cost charge gives: 
Fixed charge, 0.18 ($545)/9000 kWh 
Operating Costs 
Total Cost 
$ 1.09/kWh 
$ 0.20/kWh 
$ 1.29/kWh 
A standard fossil fueled plant of 1.75 kWe peak capacity operated 
to produce 9,000 kWh/year with fuel at 50 cents/106 BTU would 
show the following costs: 
Fixed Charge, 0.18 ($350)/9,000 kWh 
Fuel Cost 
(50 cents/lOB VTU, 0.38 conversion 
efficiency) 
Other operating costs 
$0.70/kWh 
$0.45/kWh 
$0.20/kWh 
Total Cost $1.35/kWh 
Day to day costs alone considered, the two systems are nearly equiv-
alent at a fuel price around 50 cents/106 BTU, but the fossil fueled 
plant would offer more flexibility and assurance of continuity and 
could actually be used at considerably higher average capacity than 
in this estimate. Most chemical and industrial processes are also 
capital intensive and the economics of these plants usually would 
demand that they be operated on a continuous basis, 24 hours a day. 
For the Southwest, because of fuel cost competition, the list of 
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economically attractive chemical process applications of solar en-
ergy may actually consist of just photochemical and solar furnace 
type processes which require those intrinsic qualities of solar energy 
that cannot be derived from fossil fuels. No substantial industrial 
processes of this sort are known at present other than agricultural 
applications. 
B. Seawater Desalination 
In principle, the most direct and favorable method of using solar 
energy for seawater desalination by distillation would be one having 
a fiat solar collector plate with a glass cover (two spaced panes), the 
collector plate also being the heating plate for the still. This collec-
tor would be tilted north-south about an east-west axis as with the 
power generating system. The design of the still itself will remain 
hypothetical. 
For this type of facility, 10m2 of solar collector would deliver heat 
to the still at an average rate for the year of approximately 1.5 kWt 
(kilowatt thermal). At $26.90/m2 for collector and 0.18 fixed charge 
rate, the cost of this heat would be $1.67/106 BTU, more than 4 times 
the 1972 U.S. composite wholesale delivered fuel price of $0.35/106 
BTU and about 8 times the base price of coal or well head gas. 1Ii 
Even financing the capital investment at half the rate currently 
applied by utility companies would drop the cost to only $.37/kWht, 
$1.10/106 BTU. 
This use strategy is perhaps the most favorable prospective appli-
cation of solar energy conceivable in which artificially collected 
solar energy must compete with fuel at wholesale costs. There 
appears to be no way in which solar energy can be economically 
utilized in competition with present or foreseeable point-of-origin 
fuel fuel prices. Because of the abundance of nearby fossil fuels and 
geothermal areas, there is no reasonable basis for attempting to use 
solar energy for seawater desalination in the Southwest unless some 
uniquely effective means is devised for using such a diffuse, broad 
area energy source. It is ironic that, in the Southwest where solar 
energy is at its exemplary best, it must compete with an abundance 
of the least expensive fuel supplies in the U.S .. Likewise in other 
areas where fuel costs are higher, the cost of using the available solar 
energy is also higher. 
As previously noted, about 45% of the coal resources of the U.S 
lie west of the Mississippi River, primarily in Montana and the 
surrounding areas. A large fraction of the oil shale, along with much 
of the other fossil fuel resources and nuclear fuel ores are also in the 
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Rocky Mountain areas. Under the current economic ethic, this area 
is destined (doomed) eventually to maximum development. Water 
will undoubtedly be the limiting factor. It is quite inadequate to 
support (1) the energy extractive and processing industries, (2) the 
large peripheral industrial complex that will accrue around the fuel 
fields, and (3) the associated urban development. 
Although the competitive economic outlook for using solar energy 
to desalinate seawater is not good in the Southwest, it is intrinsi-
cally far better than the outlook for using solar energy to generate 
electricity for urban consumption. In the Southwest it should be 
feasible to use some existing reservoirs for storage of water from a 
desalination plant. Desalination could be used to maintain the re-
servoirs so that run off now being collected there could be diverted 
upstream for use elsewhere. Use of existing reservoirs would largely 
avoid the technical and economic difficulties of energy storage in-
herent in utilization of solar energy for power production. 
The Meinels have prop sed that the waste energy from solar power 
stations in the Southwest be used for desalination. liS They foresee 
ultimately bringing 200 x 109 gallons per day of seawater to the 
plant, distilling 50 x109 gallons per day and returning 150 x 109 
gallons per day to the sea. In the Meinel proposal, desalination 
would be a secondary use of a solar energy conversion plant whose 
main function is to generate electricity. It seems better to use all the 
collectable energy directly for desalination than to incur the extra 
capital cost necessary to skim off part of the energy for generating 
electricity. The reasons are (1) the collection efficiency is lower for 
the high temperature collection necessary in steam turbine opera-
tion, and (2) it is likely that some lower temperature closed cycle 
turbine generator system would be ultimately used rather than the 
conventional steam turbine to attain a better overall system effi-
ciency}19 In that system, the exhaust heat temperture would be too 
low to be of value for distillation use; however, costs aside, it might 
be feasible to combine the photovoltaic conversion surface with a 
boiler plate and incur but 20% loss in conversion efficiency in the 
photovoltaic compared with the efficiency at normal ambient tem-
peratures. 
An extensive, detailed analysis would be necessary to determine 
whether the overall system efficiency and economics of using solar 
energy as a direct thermal input for desalination by distillation 
would be better than that of desalination by other processes which 
require the use of mechanical and/or electrical energy. 
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C. Solar Space Heating 
The thumbnail estimates of solar energy economics given thus far 
clearly demonstrate that the cost of solar energy will be much too 
high to be competitive in any application that has access to fossil 
fuel at wholesale prices. The retail fuel market is obviously the 
starting point for the competitive use of solar energy. 
Tybout and ·L6f (TL) have published two papers covering a de-
tailed study of the economics of solar house heating .120 They care-
fully analyzed the costs of solar heating in eight cities in the U.S., 
including Albuquerque. The heating system analyzed was a hybrid 
solar/fossil system having a water reservoir as the energy storage 
medium. The solar heat storage capacity was sufficient to maintain 
a 70 of. house temperature for about 36 hours in average January 
weather. The cost results were computed for two different house 
sizes and for a range of several different parameters such as insula-
tion value of the structure, energy storage capacity, collector area, 
etc.. Calculations of heat supply and demand were based on 
actual hourly temperature, wind, and could cover data from the 
Weather Bureau records of a "typical" year for each city. From the 
calculations, optimizations were derived for the various parameters 
to give minimum cost solar heat derived during the nominal heating 
season. 
For Albuquerque, which was found to be the second most econom-
ical of the eight locations analyzed for using solar heat, the mini-
mum cost was $1.60/106 BTU for the larger house (about 2000 square 
feet) and $1.80/106 BTU for the smaller house (1000 square feet). 
The minimum cost of solar heat occurred with the larger house when 
the design called for 60% of the seasonal requirement to be provided 
by the solar equipment and the remainder by burning fuel. With 
enough storage to provide 90% of the heat by solar energy, the cost 
curves extrapolate to at least $2.50/106 BTU and a storage capacity 
equal to approximately 9 days of January usage. The cost analysis 
results derived are costs per million BTU of solar heat delivered to 
the house by the hybrid system rather than the cost averaged over 
all the heat supplied by the system for one heating season. Accord-
ingly, the solar heat cost figures include the fixed charges against 
the necessary standby furnace but not the cost of the supplementary 
fuel. 
The minimum cost of solar house heat derived by [TL] for the 
larger Albuquerque house is slightly less than the fuel cost alone at 
1972-1973 Albuquerque residential delivery prices. For heat derived 
from burning fuel oil and L.P. gas through 75% utilization effi-
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ciency, prices were as follows: fuel oil, at 18 cents/gallon and 
$1.27/106 BTU content, cost $1.69/106 BTU of heat; and L.P. gas at 
15 cents a gallon and $1.64/106 BTU content, cost $2.17/106 BTU of 
heat. 121 Inclusion of fixed charges for the furnace system would make 
the cost of the fossil fuel heat with these fuels substantially higher, 
and this must be considered in any reasonable comparison with the 
cost of solar heat. 
While considering this adjustment in order to arrive at a more 
meaningful cost comparison of solar energy and fossil fuel for home 
heating, pertinent upward adjustments to the costs derived by 
[TL] for solar heating must also be considered. 
First, it is appropriate to scale all the component and construc-
tion costs used by [TL] upward by the ratio of the present Con-
sumer Price Index to that in 1962, the year used by [TL] for their 
equipment and construction cost estimates. This ratio for the years 
1971 and 1962 is approximately 1.34. Application of this ratio raises 
the collector cost to $3.35/square foot. Next the money cost factor 
applied by [TL] should be raised. They used an interest rate of 6% 
and sinking fund depreciation over an expected life of twenty years. 
Bank loan mortgage interest rates are now about 8%. Using 8% 
interest on principal, 8% earned on the sinking fund, 1% for insur-
ance, and 1% for property tax brings the annual fixed cost to about 
12.2% versus the apparent 9.55% used by [TL]. Scaling the capital 
costs upward by the factor 1.34 and applying the higher money cost 
rate of 12.2% to the revised capital costs gives $2.93/106 BTU as the 
unit cost of the solar heat provided by the system, compared with 
$1.60/106 BTU derived by [TL]. As before, the system provides 60% 
of the annual heat need. If the fuel cost for the other 40% is added, 
the unit cost of the total heat requirement for the season is $2.23/106 
BTU when provided by the optimized [TL] system. 
These values are to be compared with $1. 76/106 BTU and $2.13/106 
BTU calculated as the costs of providing all of the heat and 60% of 
the heat, respectively, by burning natural gas at $.89/106 BTU in a 
furnace unencumbered by the capital cost of the solar part. 
None of these estimates allows any charge for other operating 
costs such as pumping costs and maintenance. The fixed charge 
used here is actually biased against the fossil fuel system because 
the capital cost used is the same as used for the furnace in the 
hybrid system and, accordingly, includes a few values, some piping, 
and controls that are not reasonably part of a furnace only system. 
Several comments concerning the [TL] model are in order. First, 
the capital costs allocated for the "non-solar" parts of the heating 
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system seem too low for today's market even after adjustment for 
the present Consumer Price Index. Second, the collector size de-
rived for Albuquerque as economically optimum is actually ade-
quate for providing, even on clear winter days, less than one fourth 
of the December and January average daily heat demand of the 
house. Third, from an environmental standpoint, an economic 
model that replaces only 60% of the annual fossil fuel usage in a 
small part of the residential sector is begging the question-it will 
have little visible impact. 
In summary, solar house heating is conditionally competitive now 
with heating by L.P. gas in the Albuquerque area and, presumably, 
in some other sunny areas where fuel prices are greater than 
$1.64/106 BTU. The conditions are (1) a 60/40 solar fossil fuel design 
mix and (2) that the collector can be constructed for as little as $3.35 
per square foot. The economic outlook would perhaps be improved 
if the collection system could be efficiently used with an absorption 
type air conditioning system so that the capital cost of the collector 
is spread over more hours of useful operation; however, unless the 
capital cost of the additional refrigeration is comparable with that 
of conventional air conditioning equipment, use of solar energy for 
air conditioning would only compound the deficit. 
Conversion of most existing homes to solar heating would be ham-
pered by unfavorable orientation, architectural design, and land-
scaping as well as economics. Substitution of solar energy for fossil 
fuel in heating and air conditioning of all existing single family 
dwellings in the U.S. would spare about 10% of the current U.S. 
annual fuel consumption. 122 Incorporation of solar energy utiliza-
tion, with supplemental fossil fuel equipment for cloudy days, into 
all suitable new residential and commercial construction would af-
fect the U.S. total fuel consumption very little within the next gen-
eration at the present population growth rate of 1.6% per year. 
Hardly any of these would incorporate enough energy collection and 
storage capacity to assure continuity of service with solar energy 
alone. 
D. Small Scale Solar Energy Conversion 
From preceding examples, one can suspect that small scale solar 
energy conversion might become economically competitive in the 
retail market long before commercial solar energy conversion be-
comes attractive in competition with other wholesale energy 
sources. In Section VI, the cost of large scale commercial power 
production from solar energy was estimated, before distribution, to 
, 
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be at least $.035/kWh and more likely in excess of $.056/kWh based 
on present technology and construction costs. This cost is mainly 
derived from the large capital cost of the collector. Typical residen-
tial billings in Albuquerque amount to approximately $.03/kWh. 
The capital cost of the central plant is about $200/kWe, however, 
there are additional large and continuously increasing capital costs 
for transmission and distribution that are specific to each system. 
As many suburban homeowners have found, the extension of elec-
tric service to a new homesite involves a capital outlay of about $250 
per pole. For underground service, there is an even larger capital 
outlay, and 25% is permanently added to billings. 
The retail prices of small, fuel fired engine generator power plants 
is about $150/kWe, hence the nominal capital cost per kilowatt for 
a private electrical generating system is distinctly less than the 
capital cost/kWe of a commercial power plant plus distribution 
lines. 
There are two principal reasons why it is not presently advanta-
geous to have individual home power plants: (1) the present engine 
generator sets will not run 20 years or even two years without major 
engine repair or replacement costs and hence the real capital cost 
is much higher than the initial purchase price; and (2) the capacity 
factor is very low, perhaps only 0.1 to 0.2 so that the cost per kWh 
is very high. 
Substantial technical improvements are now occurring which 
promise to provide real competition for the central power station. 
Fuel cell research and development, partly supported by the gas 
companies, is near to producing cells that will increase the service 
life, conversion efficiency, and capacity factor of both large and 
small scale fuel to electric conversion. Production fuel cell units of 
12.5 kWe show a conversion efficiency of 0.3 on hydrocarbon fuel gas 
and larger units have an efficiency of 0.4. 123 On hydrogen and air, 
the efficiency of large units is 0.55; on hydrogen and oxygen, it is 
0.6. Fuel cell efficiencies as high as 0.9 are expected eventually,,24 
At an efficiency of 0.7, fuel cell electricity could be used for space 
heating on a competitive basis with fuel used in the more expensive 
kinds of heating systems. (Furnaces have efficiencies in the range 
0.7 to 0.8) Production fuel cell units now cost about $350/kWe and 
have service lives of 16,000 hours, approximately two years. 125 Pratt 
and Whitney Aircraft Co. estimates that a production price of 
$200/kWe and an operating period of 40,000 hours would establish 
a fuel cell power plant as economically competitive in a variety of 
applications. 126 
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Overall, the transition from central power plant electricity to 
pipeline gas and fuel cell electricity promises to improve the fuel 
utilization efficiency for power production by at least 50% (i.e., fuel 
cell conversion efficiency of 0.6± 0.1 vs. steam power plant conver-
sion efficiency of 0.35± 0.05.) This advantage may oscillate as 
magneto-hydrodynamic (MHD) conversion arrives and increases 
power plant efficiencies to 0.6± 0.1 and fuel cell efficiencies also 
increase toward 0.9. It should be noted that this use strategy is 
expected to be cost competitive with present methods and would 
probably use little more fuel than would a least cost hybrid 
solar/fossil central power plant operating on a 60/40 solar/fossil en-
ergy mix at higher overall cost. 
The most feasible role of solar energy in "competition" with the 
fuel cell system is that of generating hydrogen which could be used 
by the fuel cells. The cost competition is then directly between the 
capital cost charge for the collector-converter plus hydrogen storage 
and the purchase price of fuel. There are too many options in this 
strategy to permit a simple cost comparison estimate; however, hy-
drogen produced by indirect procedures that use solar energy to 
generate electricity which in turn electrolyzes water would cost sev-
eral times as much as L.P. gas at present prices. Hydrogen is theo-
retically producible through direct catalytic photolysis of water at 
a cost comparable with that of L.P. gas but in practice is at least 
an order of magnitude poorer .127 
It is clear there will be increasing need to relieve the central power 
station concept. Relief will most likely come in practice, but not in 
principle, when the economy shifts from liquid fuels to the new 
gaseous pipeline fuels, first CH4 from coal and then electrolytic 
hydrogen produced by breeder and fusion reactor power plants. This 
shift will be accompanied by widespread residential installation of 
fuel cells that run on pipeline gas to produce electricity in competi-
tion with the electric company. Supplementary solar energy conver-
sion units with closed cycle generation of hydrogen and fuel cell 
reburning would then be reasonable adjuncts of the system when-
ever collector and converter costs are substantially reduced. Even 
so, the principal market for such solar energy conversion systems 
would probably be limited to rural and suburban areas not served 
by a pipeline network. 
VIII. SOME ALTERNATIVES TO SOLAR ENERGY 
The elementary estimates given here for the costs of using solar 
energy are so greatly at odds with those of the proponents of solar 
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energy utilization that one wonders whether there is a basic decimal 
error involved. Hottel's calculations clearly show that the assump-
tions used by the optimists have ignored several factors which do 
amount, in toto, to a factor of 4 to 6. 12K 
Once one is aware of the answers, he can see in the literature that 
many others have arrived at the same conclusions; however, their 
reports are so heavily draped in optimistic hopes that the real con-
cl usions are not visible to the unsuspecting casual reader. 129 One 
must go through the estimates himself before he can appreciate how 
dismal the prospects really are for solar energy even in the U.S. 
where capital is relatively available. 
Critics have said that the U.S. can afford to pay two to ten times 
more for our energy supply, hence we should go ahead full throttle 
on solar energy. Perhaps we can afford to pay twice as much for 
gasoline and heating fuel without experiencing a drastic change in 
our standard of living. But what will be the overall effect when a 
factor of two to 10 pervades every facet of the economy? This has 
not been studied, but the answer seems intuitively obvious. 13o 
The conclusion is clear: the U.S. cannot afford to bypass any large 
resources such as Alaska oil, Four Corners coal, nuclear breeder 
reactors, etc., as many are suggesting until it has devised economi-
cally competitive substitutes if it wishes to maintain its standard 
of living. Even at a factor of two or three increase in cost for environ-
mental protection, use of these resources would be considerably less 
expensive than the use of solar energy. 
The other often suggested alternative, which is actually a long 
range universal imperative and not a voluntary option, is that of 
using our energy resources more efficiently. This option has only 
recently received attention in the context of thermodynamic effi-
CIency. 
Berry has estimated the gains in thermodynamic efficiency that 
might be realized by three distinctly different kinds of technological 
im provements: 
1. Material recycling, about 10% gain possible. 
2. Production of extended life machines and equipment, 50 to 75% gain 
possible. 
3. Improved production processes, 90 to 99.9% reduction in energy 
expenditure theoretically possible.131 
The gains potentially realizable from these conservation strate-
gies are far greater than can be derived from even very widespread 
use of solar energy; however, these gains require a host of individual 
and separate efforts whereas solar power production requires only 
ENERGY RESOURCE DEVELOPMENT 39 
one large technological breakthrough. 
The energetics of recycling is simple in principle but devious in 
practice as the small gain indicates. In the second strategy, it is 
common experience that the service life of much of our equipement 
could be doubled or quadrupled with relatively little increase in 
production cost or energy expenditure. Though the third strategy 
offers the most gain potential, it is also the one by which such gains 
are most difficult. 
To these three conservation strategies, one should add a fourth, 
elimination of functionally unessential frivolities and duplications 
(e.g., reduction in variety of models, services, styles, annual model 
changes, etc.). Implementation of this strategy would drastically 
alter current lifestyles and would have to be phased in gradually. 
All of these strategies would allow substantial reductions in fossil 
fuel consumption at no increase in overall costs of production 
whereas substitution of solar energy will certainly add to the costs. 
On a cosmic time scale, the energy crisis can reasonably be con-
sidered as a minor reorientation. Because of the slack in the system 
we can theoretically maintain, perhaps for several generations, our 
habit of economic growth in "standard of living." Eventually, how-
ever, questions about economic growth will become as crucial to our 
survival as questions about population growth. 
CONCLUSION 
1. Demand projections indicate that the annual total U.S. energy 
consumption will triple by year 2000, with no assurance of stabilizing 
at any particular value through exercise of voluntary self restraints. 
2. Supply projections under trends of the past ten years indicate an 
increasing dependence on fuel imports amounting to nearly one third of 
our annual total consumption in 1985. 
3. The U.S. fuel resources are intrinsically abundant and adequate for 
hundreds of years: (a) U.S. fossil fuel supplies (mostly coal) have ade-
quate energy content to supply total U.S. needs for 260 years, if the total 
energy consumption rate can be stabilized at the year 2000 rate; (b) 
likewise, if breeder reactors are successfully developed, the nuclear fuel 
resources of uranium and thorium can supply all our energy needs for 
many thousands of years; (c) the geothermal e~ergy potential, if fully 
developed, could support an electrical generating capacity equal to per-
haps 30 times our present total generating capacity; (d) the technologies 
are at hand or nearly so for utilizing these resources at costs near present 
costs, pending mainly the construction of production facilities. 
4. The priorities in large scale energy resource devlopment and utiliza-
tion are (a) new technologies and plants for recovery conversion, and 
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clean utilization of fossil fuels; (b) nuclear breeder reactor power plants; 
(c) geothermal power plants; (d) controlled thermonuclear fusion; and 
(e) solar energy conversion. 
5. For reasons of overall compatability, continuity, logistics, tight con-
struction schedules, and an abundance of more convenient and econom-
ical options, there are no current means by which solar energy can be 
utilized to have a significant impact on the energy problems of the 
foreseeable future. 
6. Large scale turbogenerator solar to electrical energy conversion 
plants are economically prohibitive at projected wholesale fossil fuel 
costs and will remain so indefinitely if actual costs of synthetic fuels, 
nuclear breeder reactor operations, and geothermal power production 
remain within a factor of three to five times current cost expectations. 
7. The cost of the solar energy collector alone will preclude use of solar 
energy in any application in which the competition is with fossil fuel at 
foreseeable wholesale prices. 
8. Solar energy can best be applied first to small scale space heating, 
space cooling, and water heating for which it must compete with fossil 
fuel at retail prices. 
9. Seawater desalination is suggested as the first major potential appli-
cation of solar energy in the Southwest and Southern Rocky Mountain 
Area; however, the use of solar energy for desalination is at least a factor 
of four away from being economically competitive with the use of other 
energy sources for desalination. 
10. The "urgency" in solar energy development and utilization rests on 
four long range needs: (a) to conserve fossil and nuclear fuel supplies for 
potentially more valuable uses; (b) to replace polluting usage of these 
resources with "nonpolluting" usage of solar energy; (c) to devise a 
contingency energy resource alternative to breeder-reactors and con-
trolled thermonuclear fusion should these be impractical; and (d) to 
exploit a potentially vast and valuable resource. 
11. Photovoltaic and thermoelectric solar to electric conversion will 
remain wholly un competitive for large scale power production until the 
cost of converter elements is reduced to much less than $1/watt output; 
in addition, the photovoltaic converter must cost much less than $1 per 
square foot. 
12. Economics dictates a search for less conventional solar energy con-
version methods such as electrocatalytic photolysis of water to generate 
hydrogen and oxygen directly. 
-.~-<~!->--.­
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